Previous experiments in this laboratory have revealed that the action spectrum of light-induced proton uptake of spinach chloroplasts stimulated by reduced trimethylbenzoquinone (TMQH2) has a pronounced shoulder in the 710-mj region.' Preliminary evidence indicated that the quantum efficiency of H+ uptake at wavelengths beyond 700 m1A might be greater than that for cytochrome c photoreduction using TMQH2 as an auxiliary donor. A critical test of this possibility requires measurement of the quantum requirement for the H+ uptake as a function of wavelength. We have made such measurements and find (1) that as many as five H+ ions are transported (or bound) per quantum absorbed, compared to one electron transported to cytochrome c per quantum absorbed (for wavelengths beyond 700 mIu), and (2) that the wavelength dependence of the H+ uptake reaction is similar to that for electron transport in the photoreduction of cytochrome c using TMQH2 as a donor.
Previous experiments in this laboratory have revealed that the action spectrum of light-induced proton uptake of spinach chloroplasts stimulated by reduced trimethylbenzoquinone (TMQH2) has a pronounced shoulder in the 710-mj region.' Preliminary evidence indicated that the quantum efficiency of H+ uptake at wavelengths beyond 700 m1A might be greater than that for cytochrome c photoreduction using TMQH2 as an auxiliary donor. A critical test of this possibility requires measurement of the quantum requirement for the H+ uptake as a function of wavelength. We have made such measurements and find (1) that as many as five H+ ions are transported (or bound) per quantum absorbed, compared to one electron transported to cytochrome c per quantum absorbed (for wavelengths beyond 700 mIu), and (2) that the wavelength dependence of the H+ uptake reaction is similar to that for electron transport in the photoreduction of cytochrome c using TMQH2 as a donor.
Methods.-Spinach chloroplasts were prepared in 0.4 M sucrose, 0.02 M trisCl medium of pH 8.0 as described before,2 and finally suspended in 0.05 M KCl, 0.001 M Tricine-NaOH pH 8.0. The chlorophyll assay and the techniques involved in measuring the light-induced pH changes of chloroplast reaction mixtures have been described previously. 2 The quantum requirement values were calculated from initial rates of H+ ion uptake measured in 2 ml total volume of a rapidly stirred reaction mixture contained in a standard 3-ml cuvette of 1.0 cm light path. From a knowledge of the initial pH and the buffer capacity of the reaction mixture (obtained by adding a known amount of standard HC1 or KOH), the rate of change of H+ ion concentration may be calculated.
The actinic light beam was obtained from a Unitron model LKR source, and passed through high-quality interference filters (Baird Atomic Corp.). The filters (and half-band widths) used in this study were (in mg) 650 (9.4), 685 (9.8), 700 (8.6), and 710 (9.7). The 710-mj filter has 64 per cent transmission at 710 mg, 0.5 per cent at 690 mIA, and less than 0.1 per cent at 685 mu. The light filters were calibrated with a Kettering-Yellow Springs Instrument Co. radiometer with the probe in the exact position to be occupied by the reaction cuvette.
The absorption spectra of the chloroplast suspensions used were obtained using a Cary model 14R spectrophotometer with the light-scattering attachment in place to minimize the loss of radiant energy due to scattering. A further correction for scattering was applied by using the procedure of Sauer photometer. To reduce back-scattered radiation, a black cloth lined the rear hemisphere of the thermostated water jacket in which the 3-ml cuvette was positioned. The usual reaction mixtures for the H+ uptake measurements contained in 2 ml total volume: 0.1 131 KCl, 0.13 mMAi TNIQH2, and from 10 to 20 og/ml chlorophyll contained in the chloroplasts. In some experiments 10-5 M 2,6-dichlorophenolindophenol (DPIP) or 3 X 10-5 M pyocyanine (PYO) were used as electron transport cofactors in place of TMQH2. The temperature of the reaction was held at 20'C and the initial pH of the reactions was in the range of 6.0 to 6.5. During each experiment, H+ uptake rates were measured at various light inltensities to assure that the reaction was not saturated with light at any wavelength. In general the H+ uptake rate and the value used for the buffer capacity represent the average of three or more readings.
The quantum requirement measurements for cytochrome c photoreduction by T:\IQH2 were carried out using a Beckman model DBG spectrophotometer.4 The interference filters were calibrated for the geometry used. The reaction mixtures used for the cytochrome c reduction experiments contained in 2 ml total volume: 5 X 10-5 M cytochrome c, 1.3 X 10-4 M TMIQH2, 0 scattering, the quantum requirements for cytochrome c photoreduction by TMQH2 extrapolated to zero intensity were found to be 1.0 quantum absorbed per electron transported at 700 and 710 m~u, and 2.5 quanta/e-at 685 m1A (Fig. 3) . These values are in good agreement with those reported by Kelly and Sauer.'
Discussion.-These data show that spinach chloroplasts utilize only one quantum of 710-miA absorbed radiation to transport (or bind) approximately five protons.
The minimum quantum requirement for electron transport in the TMQH2-cytochrome c (cyt c) system from these and other studies6 is about 1.0 quantum/e-for 71O-miA light, hence an H+/e-coupling ratio of at least 5 is possible when System I is-undergoing cyclic electron flow. Either PYO, TMQH2, or DPIP give similar zero-intensity quantum requirements of 0.2 quantum/H+ at 710 m,.. Since there is only a slow rate of net reduction of oxidized DPIP by light of 710 mit, it does not seem likely that the ability of reduced DPIP to take up H+ ions by virtue of its being a weaker acid than the oxidized form has contributed to the observed H+ ion uptake using this cofactor. Kok7 has very clearly demonstrated the cyclic reduction and oxidation of DPIP by System I, and both reactions are fast, suggesting that only a small amount of net reduction would occur in the steady state under 710-miA illumination. In addition, it is known from the work of Sauer and Park8 that the quantum requirement for net DPIP reduction at 710 m1A is much higher than that at 685 my. Hence the low quantum requirement we find for H+ uptake at 710 mjA using the DPIP system is most reasonably due to the H+ transport system and not due to net DPIP reduction. We interpret the drop in quantum requirement for the H+ uptake beyond 700 my as evidence that the mechanism for the H+ uptake is associated with the cyclic electron transfer system driven by photosystem I.9
The increase in quantum requirement for H+ ion uptake at 685 and 650 m/A seen with TM\IQH2 may reflect the absorption of energy by the pigments of the short-wavelength system (System II), which may not participate directly in catalyzing H+ uptake. A similar increase in quantum requirement at wavelengths less than 700 mjA was observed for TMAIQH2-supported cyt c photoreduction by Kelly and Sauer,6 which they explained in terms of photosystem II inactivity.
It is interesting to compare the quantum requirement data for H+ uptake with those for the TI\JQH2-cyt c reduction (from Kelly and Sauer5) at various wavelengths, so as to estimate the H+/e-ratio, i.e., H+ transported hp absorbed H+ transported hp absorbed cyt c reduced e -transported Such calculations show that the H+/e-ratios are: 4 at 650 myi, 5 at 685 mit, and 5 at 710 mju. The fact that the H+/e-ratio calculated in this manner is relatively independent of wavelength is strong evidence for the generally accepted concept that H+ uptake is linked to electron transport in some manner. It further suggests the possibility of using H+ uptake rates obtained with cyclic electron transfer systems such as PYO as a measure of the rate of electron transport with these systems.
Lynn and Brown10 have obtained H+/2e-ratios of 10 (or H+/e-of 5) using chloranil (tetrachloro-p-benzoquinone), presumably as a noncyclic acceptor. Crofts (personal communication) has also found maximum H+/e-ratios between 4 and 5 using ferricyanide as a cofactor. The quantum requirement data presented in this report firmly support the H+/e-ratios found by the above authors.
There are several possible interpretations of the observation that one quantum absorbed can result in five protons transported. According to the i\iitchell theory of chemiosmotic coupling (see ref. 11 for a review), electron flow between alternating electron and electron-proton transfer couples (i.e. cytochrome and plastoquinone) may result in the transport of H+ ion into the granum or thylakoid. For this mechanism to account for the ratio of 5 H+/e-there would have to be five such redox couples linked in series to System I. Although there is no evidence for this many components in the chloroplast electron transport chain, these data are consistent with the fundamental concept that an H+ ion gradient provides at least part of the driving force for phosphorylation.
An alternative to the Mitchell concept of obligatory coupling of electron flow to H+ transport at the redox couple level is the idea that an energy-linked membrane carrier enzyme is involved in the H+ changes. Opit and Charnocklm have postulated such a mechanism for the Na+ -VK+ ATPase, in which they propose that conformation changes of a protein induced by phosphorylation and cation binding lead to an exchange of intracellular Na+ for extracellular K+. A somewhat similar membrane pump scheme for the Na+-K+ ATPase has been suggested by Jardetzky.13 In the present context one might imagine that electron transport, induced by the photochemical activity of System I, could lead to a conformational change of a polyelectrolyte which has five "transport binding" sites for protons exposed to the outside of the granum (or thylakoid) membrane before activation. After the conformation change these sites may be exposed to the interior of the thylakoid where dissociation would take place. The relaxation step could be accomplished by movement of cations, such as KI+ or MIg++, from the interior of the thylakoid to the exterior where they would dissociate into the soluble phase, leaving the macromolecule in the state from which the cycle began. This scheme differs from i\Iitchell's concept in two important aspects: (1) The stoichiometry of a macromolecular pump need not be limited to an H+/e-ratio of one per chemical reaction site as Mitchell proposes. Rather, stoichiometry would be dictated by the structure of the macromolecule, i.e., the number of absorption sites per active center. (2) In this scheme the coupling between electron and proton transport would not be obligatory in the sense Mitchell has proposed, but would depend on the structural integrity of the system. In other words, one could remove the proton carrier enzyme without interfering with electron transport.
A logical consequence of the membrane carrier H+ pump postulated here is that the activation could be linked either to one of the known redox steps in the electron transport chain or more directly to a photochemical step. The latter possibility has previously been postulated.' There is no conclusive evidence to allow a choice between these alternatives at present.
There are some data which tend to support the concept of an enzymatic membrane H+ ion carrier. First, there are inhibitors of the H+ ion uptake such as quinacrinel and NH4+ 10 which act in a competitive manner. Thus Lynn and Brown find monovalent cations such as Na+ to be competitive inhibitors of the H+ uptake under certain conditions. By itself, of course, this type of evidence is not sufficient proof, and there are alternative explanations for such uncoupling.14 Also favoring the concept of an enzymatic carrier mechanism is the observation that certain treatments destroy the H+ pump without destroying electron transport. These include the sonication preparation of spinach subchloroplast particles by Katoh and San Pietro'5 and the Euglena chloroplast particle preparation by Katoh
